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Abstract 27 
The common bean is the most important legume for human consumption and is grown in areas under 28 
conditions of varied rainfall and temperature that limit its yield. The objective of the present study was to identify 29 
genotypic differences in adaptation of 91 bean genotypes to high temperature conditions under environmental 30 
conditions of a tropical dry forest ecosystem environment. We quantified differences among genotypes in terms 31 
of phenology, dry matter partitioning indices and grain yield. Common bean lines were derived from interspecific 32 
and intraspecific crosses among Phaseolus species of P. vulgaris, P. acutifolius, P. coccineus and P. dumosus. 33 
We identified three germplasm accessions of P. acutifolius (G 40001, G 40027, G 40141); two lines from the 34 
cross of P. vulgaris × P. acutifolius (INB 837, SIN 524); two lines from the cross of P. vulgaris × P. acutifolius 35 
× P. coccineus (SEF 14, SEF 42) and eight lines of P. vulgaris (BFS 10, SEN 46, SEN 48, SEN 70, SMN 99, 36 
SMC 140, SMR 139-1G, AMADEUS-EAP-9510-77) that are better adapted to higher temperature stress 37 
conditions, evidencing the significant contribution of P. acutifolius to heat tolerance derived from interspecific 38 
crosses in common beans. We also found a few Andean lines of growth habit I (SAP 1, SAP 1-15, SAP 1-16, G 39 
122, SAB 618, DAB 525) with superior level of adaptation to heat stress. The superior performance of all these 40 
above identified genotypes under higher temperature conditions was attributed to early maturity, high pollen 41 
viability and greater ability to partition dry matter to reproductive growth together with greater grain filling.  42 
 43 
Keywords: early maturity, grain yield, heat stress, interspecific crosses, photosynthate remobilization, viability 44 
of pollen. 45 
 46 
Introduction  47 
The common bean is the most important legume for human consumption (Beebe 2012), mainly grown 48 
in Latin America, Eastern and Southern Africa (Beebe et al. 2013). It is currently cultivated mostly by small 49 
producers (Beebe et al. 2011), in areas under conditions of climatic variability that limit its yield (Beebe et al. 50 
2013). Therefore, climate change will likely limit the land suitable for common bean production due to drought 51 
and heat stress in the tropics (Beebe et al. 2011). For common bean, the high temperature stress could make around 52 
50% of the area currently planted with this crop unsuitable by the year 2050 based on predictions made by different 53 
climatic models (Beebe et al. 2011; Rippke et al. 2016; Rao et al. 2017). 54 
High temperatures negatively affect all stages of reproductive development and cause losses in grain 55 
yield (Hall 2004). It has been shown that daytime temperatures above 30°C and nighttime temperatures above 56 
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220°C lead to reductions in bean yield (Rainey and Griffiths 2005a; Omae et al. 2012). Heat stress during the bean 57 
reproductive phase (R5) negatively affects pollen tube growth, pollen germination and fertilization (Omae et al. 58 
2012). Heat stress also causes premature degradation of the tapetaria layer that provides nutrients (amino acids) 59 
to the developing pollen (Suzuki et al. 2000). Heat-sensitive genotypes present only half of the content of amino 60 
acids in pollen (Hall 2004). The increase in temperature reduces the viability of pollen (Porch and Jahn 2001), 61 
promotes the detachment of flower buds during pre-flowering and decreases the number of pods during post-62 
flowering (Traub et al. 2017). Also, agronomic performance based on grain yield and dry matter partitioning 63 
indices (Beebe 2012) can also be significantly affected by heat stress (Assefa et al. 2013; Beebe et al. 2013), 64 
contributing negatively to crop yield (Beebe et al. 2011, 2013; Rao 2014; Assefa et al. 2017).  65 
Concurrent occurrence of drought and heat has been shown to be more destructive to crop production 66 
than these stresses occurring separately at different crop growth stages (Beebe et al. 2014). Genetic improvement 67 
programs to improve adaptation to either drought or heat often select the best genotypes based on grain yield 68 
(Beebe et al. 2008; Rosales et al. 2012; Soltani et al. 2019). Heat stress induces reduction in carbon assimilation 69 
(Pressman et al. 2006), modifies internal functioning of the plant (Busch and Sage 2017), and causes interruption 70 
in the translocation of carbon from the source to the sink tissues (Soltani et al. 2019). These changes will result in 71 
development of parthenocarpic pods (pin pods), fewer seeds per pod and/or decreased seed size leading to reduced 72 
yield (Gross and Kigel 1994; Rainey and Griffiths 2005b). These direct impacts of thermal stress cannot be 73 
alleviated by any management practice (Soltani et al. 2019).  74 
A few bean genotypes that are tolerant to high temperature have been identified (Rainey and Griffiths 75 
2005a; Beebe et al. 2008, 2012; Rao et al. 2009; Omae et al. 2012; Chaves, 2015 ávez et al. 2018) and these have 76 
been developed from interspecific crosses of common bean (Phaseolus vulgaris), with other Phaseolus species 77 
(P. acutifolius, P. coccineus and P. dumosus). These other Phaseolus species that are originated from North and 78 
Central America are now considered as a valuable genetic resource for improving the yield and stress tolerance 79 
of common bean (Bitocchi et al. 2017). Tepary bean originated in the Sonoran Desert (northwestern Mexico and 80 
the southwestern USA), selected and cultivated in this region for hundreds of years (Traub et al. 2018), presented 81 
a greater tolerance to both heat and drought stress.; However,but the plant traits related with the stress tolerance 82 
are partially described (Rao et al. 2013; Traub et al. 2017, 2018). Tepary bean will be a model for drought and 83 
heat tolerance, also as a source of genes for tolerance to drought and heat stress (Porch et al. 2009; Beebe et al. 84 
2013, Rao et al. 2013, Traub et al. 2018). Drought resistance mechanisms of tepary bean include deep rooting to 85 
prevent dehydration by accessing water reserves from deeper soil layers (Blair et al. 2002; Butare et al. 2011), 86 
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small leaves to reduce water consumption, and stomatal control but not with osmotic adjustment (Mohamed et al. 87 
2005; Beebe et al. 2013). Heat tolerance mechanisms of tepary bean include an advantage in photosynthesis and 88 
stomatal control (Markhart 1985; Porch et al. 2009; Traub et al. 2018, 2017), dehydration avoidance (Mohammed 89 
et al. 2002), greater pollen viability (Muñoz et al. 2006, Chaves ávez, 2015) and yield stability (Miklas et al. 1994; 90 
Porch 2006). 91 
The adverse effects of heat stress on common bean can be mitigated by developing heat-tolerant 92 
genotypes (Wahid et al. 2007). To this purpose, iIt is necessary to understand the phenological and agronomic 93 
responses of plants to high temperatures for developing possible breeding strategies to improve crop tolerance 94 
(Omae et al. 2012; Beebe 2012). The identification of heat-tolerantresistant bean lines can lead to increased 95 
production under conditions of temperature increases as a consequence of climate change (Beebe et al. 2011; 96 
Beebe 2012). The main objective of the present study was to identify common bean lines that are adapted to high 97 
temperature conditions by evaluating the effect of heat stress on phenological responses, dry matter partitioning 98 
indices and grain yield of 92 genotypes grown under environmental conditions of a tropical dry forest 99 
ecosystemconditions in the department of Huila (Colombia).  100 
 101 
Materials and methods 102 
Experimental site and meteorological conditions 103 
The evaluation of the adaptation of bean genotypesmaterials was carried out at the Centro de Formación 104 
Agroindustrial “La Angostura” SENA, Regional Huila, (1°60’ and 75°57’WN: 1.6022535, W -75.5778278) in 105 
two seasons (i. September to December 2017; ii. April to July 2018), under environmental conditions of a tropical 106 
dry forest ecosystemconditions in Campoalegre, Huila (Colombia). The field site is characterized with an average 107 
annual precipitation of 1,300 mm (monthly average of 109 mm), an average temperature of 25.9 °C (maximum: 108 
31.6 °C and minimum 20.3 °C), and a relative humidity of 77%. During the crop growing period of the crop, 109 
maximum and minimum average temperatures were 38°C and 21°C (2017) and 36°C and 21°C (2018), 110 
respectively (Figure 1). Total precipitation during crop growth was 416.2 mm (2017) and 226.5 mm (2018) (Figure 111 
1). Soil samples were collected at 20 cm soil depth, and the samples were pooled and analyzed to quantify 112 
physicochemical characteristics. It is a clay loam soil with bulk density values that ranged between 1.0 and 1.3 g 113 
cm-3; pH value of 4.2; with a mean organic carbon content of 4.6%; available P content (Bray- II) of 2.52 mg kg-114 
1; exchangeable cations: Ca of 2.58 cmol kg-1, Mg of 0.15 cmol kg-1, K of 0.63 cmol kg-1, Na of 0.29 cmol kg-1; 115 
total bases of 3.67 cmol kg-1; cation exchange capacity of 20.9 cmol(-) kg-1; and an exchangeable aluminum 116 
content of 3.21 cmol(+) kg-1 with 37.3% of Al saturation. 117 
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 118 
Fig. 1 Distribution of rainfall and maximum/minimum temperatures during the crop growing period at Centro de 119 
Formación Agroindustrial “La Angostura” SENA, Regional Huila in Colombia in two seasons (2017) and (2018).  120 
 121 
Plant material and experimental design 122 
A total of 92 bean genotypes were used: 34 advanced lines of P. vulgaris (AMADEUS-EAP-9510-77, 123 
BFS 10, BFS 35, DAB 295, DAB 525, G 122, G-4090 Rojo de Seda, GGR 131, SAB 618, SAB 659, SAB 686, 124 
SAB 691, SAP 1, SAP 1-15, SAP 1-16, SCR 40, SEN 134, SEN 135, SEN 136, SEN 46, SEN 48, SEN 52, SEN 125 
56, SEN 70, SEN 97, SER 118, SER 16, SER 289, SER 316, SER 390, SER 394, SMC 159, SMC 232, SXB 412), 126 
two interspecific lines  from P. vulgaris and P. coccineus (BFS 81 y BFS 123), four interspecific lines  from P. 127 
vulgaris and P. acutifolius (INB 841, INB 827, SIN 524, SIN 526), 20 interspecific lines from P. vulgaris, P. 128 
acutifolius and P. coccineus (SEF 1, SEF 10, SEF 10-1, SEF 12, SEF 14, SEF 15, SEF 16, SEF 29, SEF 40, SEF 129 
42, SEF 43, SEF 44, SEF 49, SEF 54, SEF 56, SEF 59, SEF 60, SEF 70, SEF 71, SEF 73), four interspecific lines 130 
from P. vulgaris, P. acutifolius and P. dumosus (SMC 135, SMC 137, SMC 140, SMC 143), two interspecific 131 
lines from P. vulgaris, P. acutifolius, P. dumosus and P. coccineus (SMC 205 and SMC 209), two commercial 132 
varieties, Andean (ICA QUIMBAYA), and Mesoamerican (DOR 390), 17 advanced biofortified lines (SMR 101, 133 
SMR 107, SMR 132, SMR 133, SMR 138, SMR 139, SMR 139 1G, SMR 139 2G, SMR 155, SMR 156, SMR 134 
173, SMR 174, SMR 175, SMR 176, SMR 180, SMR 39, SMR 43, SMN 57, SMN 98, SMN 99), and four tepary 135 
bean (P. acutifolius) accessions (G 40001, G 40111 and G 40141 from Mexico and G 40027 from Costa Rica). 136 
These germplasm sources constitute potential parental material, due to their resistance to abiotic and biotic stress 137 
factors, improved grain quality (micronutrient content), and other desirable attributes that improve production or 138 
price of the grain. AMADEUS-EAP-9510-77 and G 122 are improved lines that are high temperature tolerant, the 139 
BFS lines (small red) have enhanced adaptation to low soil fertility, the DAB (red), SAB (red mottled and cream 140 
mottled) and SAP (red mottled) lines of the Andean gene pool are better adapted to drought and tolerant to heat. 141 
SEF (red), SEN (black) and SER (small red) lines were improved to adapt to drought and heat. SCR (small red) 142 
line is drought tolerant lines with recessive BCMV gene. The SIN (black) lines are interspecific with drought 143 
tolerance. SMC (colored), SMR (red) and SMN (black) lines are tolerant to drought with a high mineral (Fe) 144 
content in seed. SXB (colored) lines are tolerant drought. DOR 390 (black) and ICA QUIMBAYA (red) are 145 
commercial varieties resistant to bean golden mosaic virus and Al toxicity, respectively. The INB (brown 146 
speckled) lines are interspecific cross derivatives. G corresponds to germplasm accessions (G 40001, G 40111, G 147 





Table 1 List of common bean genotypes used in the study to evaluate tolerance to high temperature at the Centro 152 
de Formación Agroindustrial “La Angostura” SENA, Regional Huila in Colombia during two seasons (2017, 153 
2018). 154 
 155 
An Alpha Lattice design was used, consisting of 1010 complete superblocks with rows and columns 156 
with four replicates (Blocks), and each block comprised of 91 genotypes and one check (ICA QUIMBAYA) 157 
replicated nine times per block (for a total of 100 plots). so as This design was used to cope with spatial variability 158 
within the experimental site. Each experimental unit consisted of 3 rows with 2 m row length with a row to row 159 
distance of 0.6 m and plant to plant spacing of 15 cm (equivalent to 11 plants m-2).  160 
 161 
Biomass, grain yield, yield components and indices of partitioning of dry matter 162 
To evaluate yield under heat stress, destructive sampling was conducted on the central part of each plot, 163 
the pods of the harvested plants were threshed, and the grains were cleaned and dried to determine grain yield (kg 164 
ha-1). The weight (g) of 100 seeds was quantified usingwith a random homogenized sample of homogenized grain. 165 
During mid-pod filling stage, a destructive sample was collected on a 0.5 m row segment (equivalent to an area 166 
of 0.3 m2) per plot with an average sample of three plants sampled. At harvest time, another destructive sampling 167 
was conducted (0.5 m row segment, three plants), and the dry weights of leaves, stems, pods and seeds were 168 
recorded. The seed number per area (SNA) and pod number per area (PNA) were also recorded. The following 169 
indices were determined (Beebe et al. 2013): pod partitioning index (PPI), pod biomass dry weight at harvest / 170 
total canopy biomass dry weight at mid-pod filling × 100; pod harvest index (PHI), seed biomass dry weight at 171 
harvest/pod biomass dry weight at harvest × 100; and harvest index (HI), seed biomass dry weight at harvest/total 172 
canopy biomass dry weight at mid-pod filling x 100. According to Polania et al. (2016b), HI and PPI are calculated 173 
using the CB value at mid-pod filling because this is supposedly the time that reflects the maximum shoot vigor 174 
of each genotype. 175 
 176 
Phenological responses between genotypes under high temperature conditions 177 
Phenological traits such as days to flowering and days to physiological maturity were determined. The 178 
number of days to flowering (DF) was determined for each genotype, this being the number of days after sowing 179 
when 50% of the plants had developed at least one flower. Likewise, the number of days to physiological maturity 180 
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(DPM) was determined for each genotype, this being the number of days after sowing when 50% of plants had at 181 
least one pod that was losing its green pigmentation.  182 
 183 
Viability of pollen under high temperature conditions 184 
To determine genotypic differences in adaptation to high temperatures, viability of pollen (VP) was 185 
evaluated following the methodology of Porch and Jahn (2001), Suzuki et al. (2001) and Chaves ávez (2015). 186 
Flower buds were collected one day before anthesis and stored in plastic jars with a solution of 1:3 glacial acetic 187 
acid and 96% alcohol at 4 ºC. The grains of pollen were removed from the anthers, adding one drop of 1% 188 
acetocarmine. In order to determine the viability of each flower bud, 100 grainsms of pollen were analyzed per 189 
repetition. The pollen grains that were dyed red were considered viable (fertile pollen) and whole grains without 190 
dye were considered as infertile or unviable. After the tally, the percentage of viability of pollen was calculated 191 
as a proportion of dyed grains to total grains. 192 
 193 
Statistical analysis 194 
A generalized linear model (GLM) was adjusted to analyze the effect of the fixed factor (Genotype). 195 
Blocks nested during the monitoring period and plots associated with genotypes within blocks were included as 196 
random effects. The assumptions of normality and homogeneity of variance were evaluated using an exploratory 197 
residual analysis. Differences between genotypes were analyzed with Fisher's post-hoc LSD test with a 198 
significance of α = 0.05. Pearson’s correlation coefficient and Spearman’s rank correlation coefficient were 199 
calculated in order to determine significant relationships between variables. The genotypes that best responded to 200 
high temperature conditions were determined using a scatterplot. The association between agronomic and 201 
phenological variables was analyzed by calculating Pearson correlation coefficients. In order to visualize the 202 
correlations, a string Diagram was drawn up. The analyses were performed in R.3.6.1 (R Core Team, 2019) with 203 
the circlize package (Gu et al. 2014). GLM analyses were performed using the lme function in the nlme package 204 
(Pinheiro et al. 2012) in R language software, version 3.6.1 (R Development Core Team, 2019), and and we 205 
useding the interface in InfoStat (Di Rienzo et al. 2018). 206 
Results 207 
Grain yield, phenological and pollen viability differences between genotypes when grown under high temperature 208 
conditions 209 
 8 
In general, grain yield (GY) of the 92 bean genotypes ranged from 282 to 1,616 kg ha-1 with an average 210 
value of 864 kg ha-1 (Table 2). The genotypes with the higher values of GY were G 40027, SEN 46, SMN 99, G 211 
40001, SMR 139 1G, BFS 10, SEF 14, SIN 524, SAB 618, SMR 139, SEF 49 and SMC 140 with a production 212 
value higher than 1,100 kg ha-1. Most of these genotypes are of the species P. acutifolius or derived from the cross 213 
between P. vulgaris and P. acutifolius. The high temperature influenced the phenological behavior and grain yield 214 
of the different bean lines (Table 2). The days to flowering (DF, Figure 4) varied between 31 to 40 while days to 215 
physiological maturity (DPM) varied between 61 to 69 days (Table 2). The lines SAP 1, G 40141, DAB 525, and 216 
SAP 1-16 reached flowering stage in 31 days while the lines SAP 1-16, G 122 and SAP 1-16 reached DPM in 61 217 
days (Table 2). Pollen viability (PV, Figure 2) ranged from 62 to 97% with an average value of 89%, where G 218 
122, SMC 135, G 40027 and SEF 56 had values higher than 97% (Table 2).  219 
 220 
Table 2 Genotypic differences in grain yield (GY), canopy biomass (CB), pod partitioning index (PPI), pod 221 
harvest index (PHI), harvest index (HI), pod number per area (PNA), seed number per area (SNA), 100 seeds 222 
weight (SW), days to flowering (DF), days to physiological maturity (DPM) and viability of pollen (VP) of 91 223 
genotypes of bean grown under conditions of high temperature. 224 
 225 
Fig. 2 Relationship between grain yield (GY) and viability of pollen (VP). Genotypes with greater values of GY 226 
and VP under high temperature conditions are shown in the upper right quadrant. 227 
 228 
Genotypic differences in ability to mobilize photoassimilates to developing pods and seeds under high temperature  229 
In the case of CB, the value ranged from 958 to 2.685 kg ha-1 with an average value of 1,569 kg ha-1, the 230 
genotypes with greater CB values were G 40027, SMR 155, SMR 176, SMR 139 2G and SMC 140. Genotypes 231 
that combined higher values of CB and GY were G 40027, SEN 46, SMN 99, G 40001 and BFS 10. But other 232 
genotypes such as SEF 71, SMR 155, SMR 176 and SMR 139 2G were not efficient in the mobilization of 233 
photosynthates for grain formation showing higher values of CB but lower values of GY (Table 2). 234 
The genotypes that were outstanding in the mobilization of photoassimilates from shoot structures such 235 
as leaves and stems to pod formation (pod partitioning index PPI) under high temperature conditions were SAP 236 
1-16, SAP 1, SEF 14, SEF 42, and SMR 139. The value of PPI ranged from 20.8 to 76.8% (Table 2). 237 
The values of the pod harvest index (PHI) ranged from 43.5 to 81% (Table 2). The lines SIN 524, BFS 238 
35, SEN 46 and SEF 10-1 partitionedmobilized more than 80% of the biomass of their pods infor grain formation. 239 
The genotypes SMR 174, SMC 143 and SMR 175 showed lower mobilization capacity from podwall to grain 240 
formation with values of PHI lower than 50% (Table 2). For HI, the lines that presented a high capacity of 241 
 9 
mobilization of shoot reserves to grain formation were SEF 14, SAP 1-16, SEF 42 and SXB 412 with values 242 
higher than 55%. HI values were ranged between 14.2 and 60.1% (Figure 3).  243 
 244 
Fig. 3 Relationship between grain yield (GY) and harvest index (HI). Genotypes with greater values of GY and 245 
HIVP under high temperature conditions are shown in the upper right quadrant. 246 
 247 
The formation of pod numbers per area (PNA) varied between 55.6 and 418.5, three genotypes (G 40027, 248 
G 40001 and G 40141) presented the highest number of pods and these are from P. acutifolius, exceeding 400 249 
pods per area (Table 2). In P. vulgaris the lines AMADEUS-EAP-9510-77, SMN 99, SMR 139 1G, SEN 46, SEF 250 
49, SMC 143, BFS 10, and SIN 524 presented PNA values between 200 and 250 with a proportional increase of 251 
values ofwith GY (Table 2). For the seed number area (SNA) some lines of the species P. acutifolius (G 40027, 252 
G 40001 and G 40141) and P. vulgaris (SEN 46, SMN 99, BFS 10, SEF 49, SEF 14, AMADEUS-EAP-9510-77, 253 
SMR 139 1G) presented values higher than 1,100 seeds m-2. The lines SEN 48, SMC 140 and SIN 526 are 254 
considered superior with greater number of seeds per pod (Table 2, Figure 4). In the case of the 100 seeds weight, 255 
it was found that different lines of the species P. vulgaris of the Andean gene pool (DAB 525, SAB 618, ICA 256 
QUIMBAYA, DAB 295, SAB 659, SAB 686, SAP 1, SAP 1-16, G 122) presented values ranging from 8.9 to 257 
38.1 g with an average value of 23.5 g (Table 2).  258 
 259 
Fig. 4 Relationship between grain yield (GY) and seed number per area (SNA). Genotypes with greater values of 260 
GY and SNAVP under high temperature conditions are shown in the upper right quadrant. 261 
 262 
Among the different bean genotypes, we found that the ability to mobilize more photoassimilates to grain 263 
formation in response to high temperature is related to the genetic background and the lines from interspecific 264 
crosses performed better than P. vulgaris lines in terms of grain yield. According to what was obtained from the 265 
analysis of main components that explained 53% of the variability and according to the location of the common 266 
bean lines in the biplot graph with better adaptation to high temperatures, genotypes such as G 40027, G 40001 267 
and G 40141 belonging to the species P. acutifolius performed better, followed by interspecific lines SIN 524 and 268 
INB 837 with contribution from P. acutifolius, and SEF 14 and SEF 42 which also have contributions from both 269 
P. acutifolius and P. coccineus. We also found P. vulgaris lines of Mesoamerican genepool (SEN 46, SEN 48, 270 
SEN 70, SMN 99, AMADEUS-EAP-9510-77, BFS 10) are better adapted to high temperatures. 271 
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 272 
Correlation between phenological and agronomic performance under high temperature 273 
The high temperature influenced the phenological behavior and dry matter distribution indices (Table 3, 274 
Figures 5 and 6). DF was negatively correlated with GY as well as with different dry matter partitioning indices 275 
(PPI, PHI, HI). Similarly, genotypes adapted to high temperature were positively correlated with PHI and HI 276 
(Figure 5, Table 3). Specifically, GY was found to correlate positively with SNA (0.72), PNA (0.66), HI (0.50), 277 
PHI (0.46) and PPI (0.41); and negatively correlated with DF (-0.22). In addition, other important correlations 278 
were observed between PPI and HI (0.94), PNA and SNA (0.90), PHI and HI (0.58) and SNA and SW (-0.59) 279 
(Figure 6).  280 
 281 
Table 3 Correlation coefficients (r) between grain yield (GY), days to flowering (DF), pod harvest index (PHI), 282 
harvest index (HI) and other plant attributes of 92 genotypes of bean grown under high temperature conditions. 283 
 284 
Fig. 5 Biplot obtained by analysis of main components with projection of high temperature tolerant bean 285 
genotypes. The acronyms are shown in Table 2. Green dot is the mean vector of the variables.  286 
 287 
Fig. 6 Chord diagram of the correlation coefficients between agronomic and phenological variables of 91 bean 288 
genotypes in Campoalegre, Huila. The ribbons within the circle correspond to significant correlations with a p-289 
value < 0.05, the red ribbons indicate positive coefficients and the blue ribbons indicate negative coefficients. The 290 
acronyms are shown in Table 2. 291 
Discussion  292 
Days to flowering, days to maturity and pollen viability affects grain yield under high temperature conditions 293 
During the growth and development period the crop was exposed to minimum temperatures during night 294 
that were above 220 °C, particularly during the preflowering and reproductive growth stages of 2017 crop growing 295 
season, which would be limiting for grain production, according to previous reports (Rainey and Griffiths 2005a; 296 
Omae et al. 2012). For example, during the growth stages of flowering and pod formation (30 - 45 days after 297 
planting) the trial was exposed to night time temperatures of 21.7-23.2 °C. These temperatures were limiting for 298 
the grain production of several genotypes that presented a grain yield of less than 600 kg ha-1; indicating the 299 
sensibility sensitivity of common bean to heat stress. Phenology, plant-water status and shoot growth were found 300 
to influence reproductive responses, and these processes play an important role in heat sensitivity of common 301 
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bean (Omae et al. 2012). In this sense, In our evaluations, the onset of flowering (DF) was affected by the high 302 
temperature in different bean lines, showing that phenology was strongly related to grain production under heat 303 
conditions. For example, Andean lines (SAP 1, DAB 525, SAP 1-16) presented earliness in both flowering and 304 
physiological maturity. Although it has been shown that earliness improves heat tolerance of grain legumes 305 
through avoidance mechanisms (Hall 2004) (Beebe et al. 2013; Chávez et al. 2018), these Andean lines were not 306 
able to combine their phenological short cycle with greater grain production (Rosales et al. 2004; Beebe et al. 307 
2008). This was mainly attributed to high temperature which significantly impacted the dry matter partitioning to 308 
grain as revealed by lower values of HI and PHI (Beebe et al. 2013; Polania et al. 2016c). 309 
According to Assefa et al. (2017), DMP values generally decrease under stressful conditions, reducing 310 
the crop's growth cycle, which can be offset by an increase in yield per day. The two genotypes G 40027 and G 311 
40141 of P. acutifolius showed earliness, with the highest GY values. Adjustments in DMP to environmental 312 
factors is considered as an important trait to improve the tolerance of common bean to high temperatures (Assefa 313 
et al. 2014).; a Rrapid accumulation of CB combined with higher water use efficiency values due to greater 314 
mobilization of photosynthates to the grain may make these early maturing genotypes to also avoid drought stress 315 
(Polania et al. 2016b). It appears from this study that this characteristic is also important and relevant to improving 316 
adaptation to heat stress in beans. The heat adapted genotypes showed a rapid shoot biomass accumulation, with 317 
earlier flowering and physiological maturity, combined with a better mobilization of photoassimilates to grain 318 
formation, resulting in a better yield per day under heat stress conditions.  319 
Studies on viability of Ppollen viability studies could help to identify genotypes that are adapted to heat 320 
stress (Suzuki et al. 2001). During the beginning of flowering period, common bean exhibits greater susceptibility 321 
to high temperatures, especially at night (Porch and Jahn 2001; Suzuki et al. 2001; Rainey and Griffiths 2005a; 322 
Omae et al. 2012), which can affect pollen development and anther dehiscence (Shonnard and Gepts 1994). 323 
Several bean lines presented low values of pollen viability indicating the degree of high sensitivity of this process 324 
to high temperature,. As the viability of pollen decreases, the probability of fertilization and formation of embryo 325 
and subsequent grain decreases. Three common bean lines (G122, SMC 135 and SEF 56) stood out for pollen 326 
viability of pollen with values greater than 97%, however, their grain yields were not higher, possibly because the 327 
high temperature caused abscission of flower buds and release of fertilized ovules (Gross and Kigel 1994; Porch 328 
and Jahn 2001), which resulted in a significant reduction in pod formation and grain yield. Similar results were, 329 
as observed by other researchers (Porch and Jahn 2001; Suzuki et al. 2001; Prasad et al. 2002; Devasirvatham et 330 
al. 2012). In general, genotypes with GY values greater than 1,000 kg ha-1 presented pollen values of viability of 331 
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pollen that werevalues of above 90% thereby contributing to greater adaptation, which suggests that they presented 332 
adaptability to high temperature during the pre-flowering and also flowering growth stages (Hall 2004; Omae et 333 
al. 2012). 334 
It has been found that there is an effect of high temperature on pollen viability, due to the effect on the 335 
structure of the endoplasmic reticulum (Omae et al. 2012), reduction in pollen germination and also infertility in 336 
the pollen grain (Suzuki et al. 2001; Prasad et al. 2002). It has also been reported that the incidence of heat stress 337 
affects the sugar transporters, which decreases the supply of sugars to the pollen including the supply of these to 338 
the pollen is diminished and grains and therefore decreasing theirthe viability (Soltani et al. 2019). We found that 339 
at the time of flowering, the viability of pollen of the genotypes, that performed better in terms of grain yield, was 340 
not compromised and this resulted in greater tolerance to heat. , as reported by situation that has been described 341 
Similar results were observed by Da silva et al. (2020) from a study conductedin an experiment carried out under 342 
high temperature conditions. 343 
 344 
Remobilization of photoassimilates contributes to superior agronomic performance under high temperature 345 
conditions  346 
It has been reported that the high temperature can affect plant organs and thereby negatively affect plant 347 
development (Jiang et al. 2015) and yield through changes in values of PHI and HI (Assefa et al. 2014). In this 348 
sense, iIn our study more than 50% of the genotypes of beans evaluated presented the effect of high temperature 349 
on these dry matter partitioning indices. However, The G 40027 genotype and SEN 56, SMN 99 and BFS 10 lines 350 
showed higher values of GY under high temperature conditions and these were also superior in their ability to 351 
partition greater proportion of dry matter to pod and grain production, that was reflected in higher values of the 352 
indices of PPI and PHI. 353 
Production of higher values of CB can be an indicator of the greater ability of a genotype in net CO2 354 
fixation, nutrient assimilation and effective water use under stressful as well as optimal conditions (Polania et al. 355 
2016a, 2017), and a higher accumulation of assimilates is also reflected in an improved crop growth rate 356 
(Bringham 2001; Polania et al. 2016a). Genotypes such as SEF 71, SMR 155, SMR 176 and SMR 139-2G showed 357 
greaterthe highest values of CB but the lowerst values of GY, indicating that in these genotypes the growth was 358 
not limited but translocation of carbon to the developing grains was affected. This observation indicates that a 359 
high value of CB alone is not sufficient to have a higher GY under heat stress, which is similar to thebean response 360 
of common bean to drought stress (Polania et al. 2017). The response of five genotypes (G 40027, SEN 46, SMN 361 
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99, G 40001 and BFS 10) to high temperature was contrasting to the above genotypes since these genotypes 362 
showed greater mobilization of photosynthates from CB such that a greater proportion of CB was converted to 363 
GY under high temperature conditions (Rosales et al. 2004; Polania et al. 2017).  364 
High temperature stress reduces yield components such as PNA and SNA very similar to the effects 365 
observed with drought stress (Rao et al. 2013; Amongi et al. 2014; Assefa et al. 2014). These two yield 366 
components were reduced due to the effect of heat stress on pollen viability of pollen, pollination and mobilization 367 
of photoassimilates to seed development. The decrease in the formation of pods and grains under high temperature 368 
stress may be due to several factors including the viability and germination of the pollen grain and the inadequate 369 
supply of photosynthate that impedes embryonic development (Omae et al. 2006; Farooq et al. 2016). 370 
However, some genotypes showed higher SNA values, but lower GY values under heat stress, indicating 371 
that these genotypes are failing in their ability to optimize the mobilization of photosynthatesesis to support the 372 
grain filling process (Polania et al. 2017). This behavior was evidenced in the relationship between SNA and PHI, 373 
in which genotypes such as INB 837, SEF 14, SEN 48 and SXB 412 showed superior SNA but lower PHI under 374 
high temperature conditions (Polania et al. 2016b). Several of the better performing bean lines also showed a high 375 
expression of traits associated with the mobilization of photosynthates, by showing greater relationship between 376 
PPI and GY in lines such as G 40027, SEN 46, SMN 99, G 40001, BFS 10 and SMC 140. These lines showed 377 
better ability to partition larger amounts of biomass from vegetative organs such as leaves and stems toward pod 378 
formation resulting in higher PPI and also HI values (Omae et al. 2006; Rao et al. 2017; Suárez et al. 2018). It is 379 
possible that the superior agronomic performance of these lines could be attributed to greater transport of 380 
photosynthates from source organs and download of sugars to sink organs (Soltani et al. 2019). 381 
 382 
Characterization and contribution of tepary beans (P. acutifolius) to heat tolerance 383 
The different accessions of P. acutifolius tested were tolerant to high temperatures. In this sense, oOur 384 
results demonstrated that the three accessions of the species P. acutifolius (G 40001, G 40027, G 40141) presented 385 
greater GY, forming the largest number of seeds and pods per area, and this characteristic of these lines to produce 386 
a small seed gives it an advantage over P. vulgaris, which could be interpreted as part of a compensation 387 
mechanism, by which the production of more pods could compensate the small size of the seed during stress (Rao 388 
et al. 2013). For example, G 40001 is an accession of P. acutifolius, with high resistance to both drought and high 389 
temperatures, with early maturing characteristics, and smaller leaves to reduce water use with good control of 390 
stomata (Micheletto et al. 2007; Beebe et al. 2013, 2014). This species is considered as a model bean for both heat 391 
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and drought stress conditions, thus P. acutifolius could be a good genetic resource for improving common bean 392 
performance under high temperature conditions (Beebe et al. 2013; Porch et al. 2013; Rao et al. 2013). 393 
With regard to the contribution of P. acutifolius to improved heat tolerance, we found evidence in lines 394 
derived from interspecific crossings such as INB 837, SIN 524, SEF 42, SEF 14 which presented a high biomass 395 
accumulation capacity as well as greater ability forand a higher partitioning of photosynthates that contribute to 396 
superior grain yield (Rao et al. 2013; Andrade et al. 2016). The stability in values of GY under heat stress in these 397 
lines might have resulted to some extent from their greater ability to mobilize photosynthates to grains. These 398 
superior genotypes combined higher values of PHI with GY, presenting a higher degree of remobilization of 399 
photosynthates from the podwall to the seeds (Rao et al. 2009; Klaedtke et al. 2012). The superiority of these lines 400 
generated from the crosses between P. vulgaris and P. acutifolius could be used in two ways for the improvement 401 
of heat tolerance in common bean (Rao et al. 2013). On the one hand P. acutifolius could be a model for common 402 
bean, using common bean genotypes that exhibit traits of heat tolerance similar to that of P. acutifolius and 403 
combining these traits through intraspecific crosses of common bean (Beebe et al. 2008). On the other hand, P. 404 
acutifolius could be a source of genes for the improvement of common bean through the congruence backcrossing 405 
system (Mejía-Jiménez et al. 1994; Rao et al. 2013). 406 
 407 
Correlation between phenological and agronomic performance under high temperatures 408 
Correlation analyses and relationships between the different plant attributes tested indicated that adaptation 409 
to high temperature conditions is related to pollen viability, earliness, higher plant growth and better mobilization 410 
of plant reserves towards pod and grain formation. Two genotypes of P. acutifolius (G 40027, G 40001) and three 411 
lines of common bean (SEN 46, SMN 99, BFS 10), stand out for their greater ability in combining the desirable 412 
characteristics under high temperature conditions. The nNegative correlations were found between DF (earliness) 413 
with %VP and GY and this observation is consistent with results obtained by other researchers in their efforts to 414 
developing abiotic stress tolerant lines (Kamfwa et al., 2015; Polania et al., 2016a, Diaz et al., 2017; Diaz et al., 415 
2018). A strong and significant correlation between GY and PHI was observed under high temperature conditions; 416 
tolerant genotypes showed greater ability in partitioning of photosynthates from the podwall to the developing 417 
grain. This emphasizes the importance of remobilization of photosynthates for grain filling. Several studies 418 
(Assefa et al., 2013; Beebe et al. 2013; Polania et al. 2016b) pointed out the importance of maintaining a high PHI 419 
value to improve the yield of common bean under drought stress and the results from this study support the use 420 




Based on phenological behavior, dry matter partitioning indices and grain yield, bean genotypes such as 424 
G 40001, G 40027, G 40141 (P. acutifolius), BFS 10, SEN 46, SEN 48, SEN 70, SMN 99, SMC 140, SMR 139-425 
1G, AMADEUS-EAP-9510-77 (P. vulgaris), SIN 524 and INB 837 (P. vulgaris x P. acutifolius) and SEF 14 and 426 
SEF 42 (P. vulgaris x P. acutifolius x P. coccineus) showed a greater adaptation to high temperature, evidencing 427 
the significant contribution of P. acutifolius to improve heat tolerance in lines derived from interspecific crosses 428 
in common bean. Six genotypes from the Andean genepool (SAP 1, SAP 1-15, SAP 1-16, G 122, SAB 618 and 429 
DAB 525) presented greater values of pollen viability of pollen with lower values of DF and superior ability to 430 
remobilize photoassimilates to reproductive structures (PPI, HI), under high temperatures conditions. The 431 
tolerance to heat stress in common bean was related with a combination of desirable traits such as the capacity to 432 
produce canopy biomass, accelerated flowering and maturity, higher pollen viability of pollen, superior capacity 433 
to remobilize photoassimilates to reproductive structures, and the ability to produce more pods and grain. These 434 
high yielding genotypes can be used as parents in developing high temperature tolerant common bean lines. 435 
 436 
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